In the clinical setting, medulloblastoma subgroups can be reliably established using expression profiling of a limited gene panel or DNA methylation profiling. 15, 22, 25, 29, 30 Because a full expression array or genome-wide methylation array is expensive and not clinically established, surrogate markers for molecular subgroups have been investigated. Previously, several groups reported subgroupspecific differences in MRI characteristics across the primary site of medulloblastomas. Specifically, WNT tumors arise mainly from lateral recesses (or cerebellopontine angle) in contrast to SHH tumors, the majority of which occupy cerebellar hemispheres. 17, 19, 24, 27, 34 Group 3 and 4 tumors occupy the fourth ventricle, where Group 4 tumors frequently do not display contrast enhancement. 19, 27 This suggests that MRI is a promising tool for noninvasive determination of molecular subgroup and is probably a reflection of distinct cells of origin for each of the subgroups. 6, 23 Metastatic disease has occurred in 20%-30% of all medulloblastoma cases at diagnosis and is associated with poorer prognosis. 4, 21, 32, 36 Metastatic dissemination in medulloblastoma is largely exclusive to the leptomeninges; however, the mechanisms of dissemination are poorly understood. The incidence of metastatic dissemination is also highly subgroup specific; metastatic dissemination at diagnosis is highly enriched in Group 3 and 4 tumors and relatively rare in WNT and SHH medulloblastomas. 9 ,10, 21, 31 We have previously shown that the pattern of relapse is highly subgroup specific: SHH medulloblastomas recur more frequently in the previously treated resection cavity, whereas Group 3 and 4 tumors recur almost exclusively with metastatic dissemination. 23 Moreover, isolated metastatic focal relapses are more frequently observed in Group 4 tumors, whereas diffuse multifocal or laminar relapses are more frequently seen in Group 3. 23 However, there is a paucity of data on the pattern of metastatic dissemination at diagnosis. It has been shown that metastatic spread at diagnosis is heterogeneous, suggesting that this heterogeneity in the pattern of metastatic dissemination at diagnosis is probably secondary to underlying biological differences. 3 Considering the significantly increased rate of treatment failure in the metastatic compartment across the majority of patients with medulloblastoma, it is crucial to understand the pattern of metastatic dissemination at diagnosis. The distinct subgroup-specific neuroimaging characteristics of the primary tumor suggest that there are differences in the pattern of metastatic dissemination. To discern the subgroup-specific patterns of metastatic dissemination in medulloblastoma, we assembled a large cohort of patients with metastatic medulloblastoma and correlated the characteristics of the metastatic disease by subgroup. We found that the pattern of metastatic dissemination at diagnosis is highly subgroup specific.
Methods

Patient Cohorts
A cohort of consecutive patients with metastatic medulloblastoma diagnosed between January 2000 and December 2016 at The Hospital for Sick Children (Toronto, Ontario, Canada) and University Hospital Motol (Prague, Czech Republic) was retrospectively evaluated. Inclusion criteria consisted of available diagnostic MR images of the brain and spine before surgery and a sufficient amount of fresh-frozen or formalin-fixed paraffin-embedded tissue for medulloblastoma subgrouping. The study was conducted with approval from the Research Ethics Board at The Hospital for Sick Children, with a waiver of informed consent.
Medulloblastoma Subgrouping
Medulloblastoma subgrouping was performed as previously described using a 22-gene classifier.
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Diagnostic MR images obtained before surgery were independently evaluated by 2 experienced neuroradiologists who were blinded to molecular subgroup. Features of primary tumor as well as metastatic lesions were evaluated. In the primary tumor, the following features were reviewed: tumor location, tumor size (3 perpendicular diameters measured on FLAIR sequence), and contrast enhancement. Tumors were considered nonenhancing if less than one-third of the tumor volume was enhancing. Metastatic lesions were evaluated for location, enhancement, diffusion restriction, and pattern of spread (laminar vs nodular). As previously published, metastatic spread was defined as nodular only when all lesions were measurable. 3 A combination of nodular and laminar metastases was recorded as laminar.
Statistical Analysis
Statistical analysis of categorical data was performed using Fisher's exact test in the R Statistical Environment (version 3.3.2).
Results
Demographic Data of the Metastatic Medulloblastoma Cohorts
Between January 2000 and December 2016, 158 cases of medulloblastoma were diagnosed at The Hospital for Sick Children. Complete diagnostic imaging (MRI of brain and spine-brain before surgery and spine before or after surgery) and molecular subgrouping were available in 117 patients. Of these 117 patients, 27 (23%) presented with visible metastatic disease, consistent with previous reports of the incidence of metastatic dissemination in medulloblastoma (Tables 1 and 2 , Toronto cohort). The incidence of metastatic dissemination varied significantly across the 4 subgroups, at distributions consistent with those of previous studies (p = 0.0197). As expected, no metastatic WNT tumors were identified in our cohort. Three of 26 (11.5%) patients with SHH medulloblastoma had metastatic disease, 10 of 28 (35.7%) had Group 3, and 14 of 46 (30.4%) had Group 4.
To validate our findings in an independent nonoverlapping cohort, we assembled a cohort of 13 patients with metastatic medulloblastomas diagnosed and treated at the University Hospital Motol (Prague cohort) between January 2000 and December 2015. The Prague cohort comprised 2 SHH cases, 6 Group 3 cases, and 5 Group 4 cases, similar in distribution to the Toronto cohort (p = 0.72). Because the imaging characteristics and distribution of metastatic dissemination by subgroup were similar, we combined the cohorts in our analysis (Tables 2 and 3) .
MRI Characteristics of the Primary Tumor in Metastatic Medulloblastoma Differ by Subgroup
The appearance of primary site medulloblastoma in the setting of metastatic dissemination differed by subgroup ( Table 1 ). The location in the cerebellar hemispheres was typical for SHH medulloblastoma and was not observed in other subgroups. In contrast, 3 cases of Group 4 medulloblastoma exhibited locations in a lateral recess that was initially reported as being pathognomonic for the WNT subgroup. 17 The remaining 16 cases of Group 4 and all Group 3 tumors were located in the fourth ventricle (midline) (p = 0.001). Strikingly, we observed a significant difference in the size of primary tumors between metastatic Group 3 and 4 tumors. This specific feature was present uniquely in Group 3, where in 56% of cases the largest diameter of the tumor did not exceed 35 mm compared with other subgroups (SHH and Group 4 tumors were all > 35 mm) ( Fig. 1 ; p = 0.0001). Consistent with previous observations, the pattern of enhancement was also different in Group 4 than in other subgroups, in particular the proportion of nonenhancing primary tumors (52.6%; p = 0.003).
Anatomical Location of Metastatic Dissemination Is Highly Subgroup Specific
We next investigated if the anatomical pattern of metastatic deposits has subgroup specificity. As such, we divided the location of metastases among the supratentorial, infratentorial, and spinal compartments, as well as by laminar versus nodular, as previously reported. 3 Surprisingly, no significant difference in distribution of metastatic lesions per compartment was identified (Table 1) . Interestingly, only 3 of 16 Group 3 cases (18.7%), 3 of 19 Group 4 (15.8%), and 2 of 5 SHH (40%) presented with purely spinal metastases.
When we analyzed the anatomical location of metastasis by subgroup, we found that there were considerable differences among the 3 subgroups. The majority of spinal metastases occurred as part of a diffuse leptomeningeal spread and did not have a subgroup specificity (27 of 40 cases). However, 9 of 19 patients (47.4%) with Group 4 medulloblastoma exhibited the presence of metastasis in the anterior part of the third ventricle (infundibulum/recess) ( Fig. 2A and B) . Suprasellar metastasis was either a solitary lesion (5 of 9 cases) or was part of more extensive metastatic disease (4 of 9 cases). Suprasellar metastasis clearly delineated Group 4 medulloblastoma because it was not observed in any of the other molecular subgroups (p = 0.016). Among other subgroups, only 2 patients with Group 3 medulloblastoma (12.5%) presented with large metastatic lesions that occupied the whole third ventricle and that were not limited to the suprasellar region. Interestingly, both of these patients presented with primary disease that was smaller (< 35 mm) than the metastatic lesion (Figs.  1, 2B , and 2C). Two patients with SHH medulloblastoma presented with metastatic nodular disease in the cerebellum, seemingly outside the primary tumor (Fig. 3) and without other more typical leptomeningeal metastases, raising suspicion that these may have in fact represented synchronous primary tumors rather than a single tumor that had disseminated.
Subset of Metastatic Deposits Does Not Enhance but Restricts Diffusion
Primary Group 4 tumors have been shown to have less gadolinium uptake. 19, 27 This raises the question of whether the metastatic deposits in Group 4 tumors also do not enhance with gadolinium. To determine if there is a discrepancy between the enhancement patterns of the metastatic and primary compartments, we analyzed contrast uptake of the metastases and compared it to that of the primary tumor. Although the majority of tumors, including Group 4, were contrast enhancing, we found that 4 of 40 (10%) had reduced or absent contrast enhancement. One case was a Group 3 medulloblastoma with a nonenhancing primary tumor and nonenhancing metastases in the spinal canal. The other 3 patients with nonenhancing Group 4 primary tumors presented with nonenhancing metastases in the suprasellar region and cerebellum, respectively ( Fig.  4A and B) .
An additional 4 patients with Group 4 tumors exhibited an unexpected pattern of enhancement, with some metastases enhancing and some nonenhancing. Strikingly, 1 metastatic lesion could be partially enhancing, with the rest of the lesion remaining nonenhanced. Importantly, all intracranial metastatic lesions, either enhancing or nonenhancing, exhibited diffusion restriction on diffusionweighted imaging and apparent diffusion coefficient ( Fig.  4C and D) . This strongly suggests that diffusion-weighted imaging is crucial to fully evaluate the distribution, incidence, and frequency of metastatic dissemination in Group 3 and 4 tumors.
Laminar Metastases Are More Common in Group 3 Tumors
All patients with SHH medulloblastomas had nodular metastases, in contrast to cases involving Group 3 tumors, where 87.5% of cases (14 of 16) exhibited laminar metastases. Eleven of 19 patients with Group 4 tumors had nodular metastases. 3 Altogether, the morphology of metastases differed significantly across subgroups (p = 0.00002).
Discussion
Herein we report, to our knowledge, the largest cohort of patients with metastatic medulloblastoma profiled at diagnosis established by combined MRI and molecular subgrouping. We found important subgroup-specific differences in the pattern of metastatic dissemination, which have a significant impact on future clinical and preclinical studies of medulloblastoma. First, we observed that Group 3 primary tumors are frequently smaller in the presence of metastases. Second, we found that the morphology and anatomical location are highly subgroup specific, with Group 4 tumors having a specific proclivity for the suprasellar space. Finally, we found that a small but significant proportion of metastatic deposits do not exhibit gadolinium uptake, suggesting that diffusion restriction is crucial to diagnosing or excluding leptomeningeal disease. Interestingly, 2 of 5 patients with metastatic SHH medulloblastoma exhibited intraparenchymal nodular lesions in the cerebellum adjacent to the primary tumor in the posterior fossa. This raises the possibility that these are synchronous primary tumors as opposed to true metastases, supported by the fact that intraparenchymal metastases are almost nonexistent in medulloblastoma. With advances in next-generation sequencing, it will be crucial to sample these multifocal lesions in the cerebellum and to determine if these are indeed clonal or if they display branched evolution, as would be expected with a true metastasis, and also if they occur in the setting of a germline mutation of PTCH or SUFU. 5 The issue of synchronous tumors compared with true metastatic disease in these patients has profound implications, because they currently receive 36-39 Gy of craniospinal radiation for putative metastatic disease; as such, these patients have a higher risk of significant long-term neurocognitive morbidity as the result of treatment. 12, 13 It is of tremendous clinical importance that in a small minority of cases, metastatic Group 4 disease did not show enhancement after gadolinium administration. This has major implications for the design of clinical trials, whereas a reliance on enhancing metastatic disease will result in a significant underdiagnosis of high-risk medulloblastoma. Previous studies have shown that administering reduced-dose craniospinal radiation to metastatic medulloblastoma results in a poor prognosis; careful examination by neuroimaging of prospective trial cohorts is required to determine if a discernable proportion of patients with nonenhancing metastatic disease is being included in average-risk strata. 16 Half of Group 4 cases demonstrated metastasis in the suprasellar region at the time of diagnosis, suggesting that suprasellar metastases may be a specific marker for Group 4 medulloblastoma. A previous report demonstrated 6 cases of suprasellar metastases, albeit absent molecular subgrouping. 7 Herein we provide strong evidence that this location is affected by metastatic disease solely in patients with Group 4 tumors. The exact biological underpinnings of this phenomenon are unclear, but a possibility is differences in the microenvironment; specifically, the suprasellar space represents a metastatic niche more amenable to Group 4 disease. Future preclinical modeling will need to account for these differences in the microenvironment, particularly because Group 4 medulloblastoma rarely recurs in the previously radiated tumor bed. It is important to note that none of 9 patients with suprasellar metastases suffered from endocrinopathy, diabetes insipidus, or visual deterioration at the time of diagnosis, probably due to the noninfiltrative nature of Group 4 metastases.
Group 3 metastases are frequently associated with avidly enhancing small primary tumors. This was striking in our series, where in some instances the metastatic lesion was larger than the primary tumor. One possible explanation for this finding is that metastatic dissemination in Group 3 cases is an early clonal event; this is consistent with the poor prognosis for patients with metastatic Group 3 tumors who are now considered to be at high risk. 22, 35 This is also largely independent of MYC amplification, because only a single Group 3 medulloblastoma in the Toronto cohort harbored an amplification. This finding, coupled with the observation that Group 3 tumors fail almost exclusively with metastatic dissemination and have a tumor bed devoid of disease, is consistent with the resistance to therapy of early metastatic clones. 23 Recent advances suggesting that recurrent metastatic Group 3 tumors have drastically different genomes are also consistent with this observation. 11 Moving forward, routine biopsy of Group 3 metastases will help determine the true nature of clonal divergence between the primary and metastatic compartments.
Despite the small primary tumor in some cases, patients with Group 3 medulloblastoma frequently present with symptoms of hydrocephalus and, in general, a short prediagnostic interval, suggesting that their symptoms are related to metastatic disease causing distal CSF obstruction at the arachnoid granulations, rather than obstruction of CSF in the fourth ventricle. 24 The significance of laminar metastases being enriched in Group 3 tumors compared with nodular metastases in Group 4 is unclear; however, the distinction is consistent with the observation that at relapse, there is a clear trend toward isolated nodular relapses being more common in Group 4 tumors. 23 In addition, it is possible that the smaller primary tumors observed in Group 3 disease represent an early metastatic event leading to a more diffuse presentation. The emerging availability of robust preclinical models of Group 3 and 4 medulloblastoma may help model the events leading to this difference in the pattern of dissemination. Biologists will need to start exploring the underlying mechanisms between these different metastatic phenomena in patients with medulloblastoma. Two limitations of our study are a lack of uniform imaging protocols across all patients and blinded interobserver reliability ratings, which could be addressed in the future through analysis of prospective trial cohorts.
Clinical and research approaches to medulloblastoma metastases have largely considered them to be clinically and biologically homogeneous across subgroups. The data in the current study belie this assumption and suggest that the biology of the metastatic cascade varies among the subgroups of medulloblastoma. Overall, this study provides the first indications that the pattern of metastatic dissemination in medulloblastoma is highly subgroup specific. This study has significant clinical implications-we propose that SHH medulloblastoma presenting with possible synchronous primary tumors be sequenced to determine if branched evolution has indeed occurred and to exclude or include the presence of metastatic disease.
Furthermore, neurooncologists and neuroradiologists should be cognizant of a small proportion of nonenhancing Group 4 metastases. Overall, our findings further support the notion that the 4 subgroups are completely different diseases, where in this case they suggest that there is a distinct preference for specific microenvironments along the leptomeninges. Although this requires further functional validation in preclinical models of medulloblastoma subgroups, this suggests that therapy to the metastatic compartment will probably require a tailored subgroupspecific approach.
In the future, routine biopsy of the metastatic compartment may help to fully discern these biological differences. The current study outlines the location, morphology, and imaging characteristics of medulloblastoma metastases at diagnosis and does not describe these variables at the time of recurrence, when they deserve detailed study. Finally, our findings of subgroup-specific patterns of metastases add to the already well-described subgroup-specific radiological findings and can further refine the radiological description of the 4 subgroups, allowing for a robust presurgical diagnosis of medulloblastoma subgroup.
Conclusions
The location, morphology, and imaging characteristics of metastatic medulloblastoma differ across molecular subgroups, with implications for diagnosis and management. This suggests that the biology of leptomeningeal dissemination differs among medulloblastoma subgroups.
